Abstract: Solid-liquid extraction (adsorption or ion exchange) is a promising approach for the in situ separation of organic acids from fermentation broths. In this study, a diluted concentration of lactic acid (<10 g/L) separation from a model fermentation broth by granular activated carbon (GAC) as well as weak (Reillex ® 425 or RLX425) and strong (Amberlite ® IRA-400 or AMB400) base anion exchange resins under various operating conditions was experimentally investigated. Thermodynamic analysis showed that the best lactic acid adsorption performances were obtained at a pH below the pK a value of lactic acid (i.e., 3.86) for GAC and RLX425 by physical adsorption mechanism and above the pK a value for the AMB400 resin by an ion exchange mechanism, respectively. The adsorption capacity for GAC (38.2 mg/g) was the highest, followed by AMB400 (31.2 mg/g) and RLX425 (17.2 mg/g). As per the thermodynamic analysis, the lactic acid adsorbed onto GAC and RLX425 through a physical adsorption mechanism, whereas the lactic acid adsorbed onto AMB400 with an ion exchange mechanism. The Langmuir adsorption isotherm model (R 2 > 0.96) and the pseudo-second order kinetic model (R 2~1 ) fitted better to the experimental data than the other models tested. Postulating the conditions for the real fermentation broth (pH: 5.0-6.5 and temperature: 30-80 • C), the resin AMB400 represents an ideal candidate for the extraction of lactic acid during fermentation.
Introduction
Lactic acid (2-hydroxypropionic acid) is an important commercial chemical due to its application in food, medical, pharmaceutical, packaging and textile industries. In the past decades, the demand for lactic acid has been significantly high, especially for its application in biodegradable polymers, i.e., polylactic acid (PLA), which has a potential to replace traditional commodity plastics. PLA-based plastics have some unique features such as high tensile strength, stiffness and resistance to fats and oils compared to traditional plastic materials; however, they require further improvement in some properties and characteristics such as viscosity, thermal stability and production cost [1] . The properties of PLA can be improved by blending with several other synthetic polymers (e.g., polystyrene, polyethylene or polypropylene) and biopolymers (e.g., thermoplastic starch, rubbers or poly (3-hydroxybutyrate) ) to obtain novel biodegradable materials with lower cost and higher durability compared to the traditional plastic materials [1, 2] . However, extraction, purification and continuous supply of lactic acid as raw material from fermentation processes is a major challenge because of its highly hydrophilic structure and the lack of efficient low cost purification techniques [3] .
Lactic acid has a chiral carbon atom and exists in two isomeric forms, i.e., L-(+) and D-(−). Industrially preferred L-(+)lactic acid can be manufactured either by the chemical synthesis of acetaldehyde or by fermentation processes, where the latter accounts for~90% of the global lactic acid production [4] . Traditionally, lactic acid is produced by homolactic fermentation processes using pure cultures of lactic acid bacteria belonging to the genus Lactobacillus [5] . Recently, a heterolactic fermentation process with a new metabolic pathway named capnophilic (CO 2 -led) lactic fermentation (CLF) was found to be present in the hyperthermophilic marine bacterium Thermotoga neapolitana [6] . Under CLF conditions, both hydrogen and lactic acid are synthesized simultaneously unlike in the classic dark fermentation processes [6] [7] [8] [9] . T. neapolitana fermentation takes place on a wide range of carbohydrate-rich substrates at 80 • C (353.15 K) and pH 6.5. However, the lactic acid concentration in the T. neapolitana fermentation broth is in the lower range (2-10 g/L) compared to lactic acid fermentation (50-150 g/L lactic acid) by homolactic fermentation processes [10, 11] .
Several downstream processing techniques have been used to recover lactic acid from the fermentation broth, e.g., calcium lactate crystallization, ion-exchange, adsorption, esterificationdistillation/hydrolysis, membrane extraction and electro-dialysis [12] [13] [14] [15] . Among these techniques, adsorption by activated carbon and anionic resins are suitable for fermentation broths with low concentrations of lactic acid, especially from heterolactic fermentation [16, 17] . A wide range of anionic resins are commercially available with various functional groups and support matrices, which makes the adsorption process more flexible under various operating conditions. The adsorption capacity and efficiency are influenced by various factors such as the properties of the adsorbent (porosity, surface area, particle size and functional group), the adsorbate (polarity, pK a , molecular weight, structure and solute concentration) and the operating conditions (contact time, pH, temperature and mixing speed) [18] .
Several anionic adsorbents such as Amberlite ® IRA-67 (Sigma Aldrich SRL, Milan, Italy) [18] , IRA-92 [19] , IRA-400 [20] , IRA-425 [21] and a non-polar adsorbent like activated carbon [18, 22] have been studied for lactic or organic acids adsorption from a fermentation broth at room temperature. Most of the anionic resins are non-toxic to microorganisms and can thus be used directly in the fermenter [23] . Activated carbon has a wider application in the field of water and wastewater treatment due to its highly porous structure with a large surface area (~1100 m 2 /g). Granular activated carbon (GAC) also shows specific affinity towards organic acids like acetic, lactic and butyric acid because of its non-polar nature at different pH conditions [22, 24] .
In this paper, the effects of contact time, initial pH, adsorbent dose lactic acid concentration and temperature on the adsorption of lactic acid from a model fermentation broth by GAC, as well as weakly-basic (Reillex ® 425, Sigma Aldrich SRL, Milan, Italy) and strongly-basic (Amberlite ® IRA-400) anion exchange resins were investigated in batch equilibrium studies. For the first time, the thermodynamic characteristics of lactic acid adsorption onto adsorbents were investigated systematically as a function of temperature. To understand the adsorbate-adsorbent mechanism and kinetics, the lactic acid adsorption data were analyzed using suitable adsorption isotherms and kinetic models. These results enable for the extraction of lactic acid during hyperthermophilic T. neapolitana or similar dark fermentation processes.
Materials and Methods

Adsorbents
Three types of adsorbents were studied for the extraction of lactic acid: (i) Norit ® GAC 1240EN with a particle size of 10-40 mesh and a moisture content <5% (source: www.cabotcorp.com); (ii) Reillex ® 425 (Poly(4-viniylpyridine)), hereafter referred as RLX425, a weakly basic anion exchange resin cross-linked with 25% divinylbenzene, with pyridine as the functional group, a particle size of 20-50 mesh and a moisture content in the range of 50-75% (source: www.sigmaaldrich.com) and (iii) Amberlite ® IRA-400 (Cl − ), hereafter referred as AMB400, a strongly basic anion exchange resin cross-linked with 8% styrene/divinylbenzene (gel), with quaternary ammonium as the functional group, a particle size of 20-25 mesh and a moisture content in the range of 40-47% (source: www.sigmaaldrich.com). The analytical grade anionic resins were purchased from Sigma-Aldrich (Milan, Italy) and used without any pre-treatment.
Batch Adsorption Tests
The batch equilibrium experiments were conducted in a temperature-controlled (30-80 • C or 303.15-353.15 K) environment, either on an orbital shaker (INNOVA 2100, New Brunswick Scientific, Bordentown, NJ, USA) at a speed of 180 rpm or a shaking thermostatic water bath (GFL1083, GFL, Burgwedel, Germany) as per Dethe et al. [13] . The model fermentation broth was prepared from an analytical grade 88% L-(+)lactic acid stock solution (Sigma-aldrich Cheme BV, Zwijndrecht, The Netherlands) and demineralized water as described by Moldes et al. [17] . The initial pH (2.0-6.5) of the bulk solution was adjusted by either adding 6.0 M NaOH or 6.0 M HCl. 25.0 mL serum bottles with screw cap containing 5.0 mL of model fermentation broth (4.5 g/L lactic acid) and 0.5 g adsorbent (or 10% w/v) were used for all the batch adsorption studies unless stated otherwise. The adsorbent GAC and RLX425 were studied at pH 2.0, whereas AMB400 was studied at pH 5.0 based on pre-screening experiments and a literature survey [13] . The model fermentation broth was allowed to equilibrate for 4 h on an orbital shaker and maintained at 303.15 K. All the batch adsorption experiments were performed in duplicate by employing individual serum bottles for each data point.
Experimental Design
The lactic acid adsorption study comprised 6 different series of experiments, investigating the effect of (i) contact time; (ii) initial pH; (iii) adsorbent dose; (iv) initial lactic acid concentration; (v) temperature and (vi) batch kinetic studies on the adsorption process. The effect of contact time was tested for a period of 24 h by using a model fermentation broth without initial pH (~2.35) corrections with samples withdrawn at different time intervals (0, 2, 4, 6, 8 and 24 h). The adsorption capacity and efficiency (i.e., % lactic acid adsorbed onto the adsorbent) under equilibrium conditions were calculated using Equations (1) and (2), respectively:
where q e = amount of adsorbate in the adsorbent at equilibrium (mg/g), E = lactic acid recovery efficiency (%), C 0 = initial concentration of lactic acid (mg/L), C e = equilibrium concentration of lactic acid in the solution (mg/L), V = volume of the solution (L) and m = mass of the adsorbent (g).
The effect of the initial pH was tested at 5 different initial pH (2.0, 2.35, 3.86, 5.0 and 6.5) conditions, both above and below the pK a (3.86) value of lactic acid. The degree of ionization of lactic acid depends on the pH and can be calculated using Equation (3):
The effect of the adsorbent dose was tested to determine the appropriate adsorbent dose (w/v basis) by varying the dose from 5% to 30% (w/v) with an increment of 5% in each step. The effect of the lactic acid concentration was tested for 9 different lactic acid concentrations, varying between 1.5 and 36.3 g/L. This range was particularly selected to represent the lactic acid production from various homolactic or heterolactic fermentation processes with low concentration of lactic acid in the fermentation broth [8, 18] .
Lactic acid adsorption was investigated at various temperatures (303.15-353.15 K). The thermodynamic parameters including Gibbs free energy (∆G 0 ), enthalpy (∆H 0 ) and entropy (∆S 0 ) are the indicators of the adsorption process and their values indicate the spontaneity and favorability of the process [25, 26] . The ∆G 0 can be calculated from Equation (4), whereas ∆H 0 and ∆S 0 can be calculated by using the Van't Hoff equation (Equation (5)), i.e., from the slope and intercept of the linear plot of ln K L versus 1/T:
where K L = Langmuir isotherm constant (L/mol), R = universal gas constant (8.31 J/(mol K)), T = temperature (Kelvin), ∆G 0 = Gibbs free energy (kJ/mol), ∆H 0 = enthalpy (kJ/mol) and ∆S 0 = entropy (kJ/(mol K)).
Analytical Methods
The initial and final concentrations of lactic acid were measured through an ion chromatography technique by ICS-1100 (Dionex, Thermo Fisher Scientific Inc., Waltham, MA, USA) using an IonPac ® AS4A-SC (solvent compatible, Dionex, Thermo Fisher Scientific Inc., Waltham, MA, USA) carbonate-selective anion exchange analytical column [27] . The mobile phase had 1.7 mM NaHCO 3 and 1.8 mM Na 2 CO 3 with a flow rate of 0.5 mL/min. Before analysis, the pH of all the samples was adjusted in the range of 5.0 to 8.0 by using either 6.0 M HCl or 6.0 M NaOH.
Lactic Acid Adsorption Isotherms
The batch equilibrium results of different initial lactic acid concentration experiments at 303.15 K were used for the isotherm study. In this study, we chose three commonly used isotherm models (i.e., Langmuir (Equation (I)), Freundlich (Equation (II)) and Temkin (Equation (III))) to describe the lactic acid adsorption process [25, 28] . The linear and non-linear forms of the isotherm model equations are presented in Table 1 [28, 29] .
The Langmuir adsorption isotherm model assumes homogeneous and monolayer adsorption with no lateral interaction or steric hindrances between the adsorbate molecules [29] . The nature of adsorption in the Langmuir adsorption isotherm model is represented by a dimensionless constant known as the separation factor (R L ),
(irreversible) and 0 < R L < 1 (favorable) [30] .
On the other hand, the Freundlich isotherm model describes a non-ideal and reversible adsorption process, which is applied to explain the multilayer adsorption onto a heterogeneous adsorbent surface [31] . The Temkin isotherm model assumes that the heat of adsorption of all the molecules in the layer would decrease linearly rather than logarithmically [29] . Notes: q e = amount of adsorbate in the adsorbent at equilibrium (mg/g), C e = equilibrium concentration of lactic acid in the solution (mg/L), q m = maximum monolayer coverage capacities (mg/g),
and T = temperature (K); Source: Modified from Pezoti et al. [28] , Foo and Hameed [29] and Chen [31] .
Lactic Acid Adsorption Kinetics
Lactic acid adsorption kinetics were studied for a period of 8 h in order to understand the adsorption mechanism and the binding properties of lactic acid onto the adsorbents. The samples were periodically collected from the serum bottles and analyzed for residual lactic acid concentrations. The kinetic models of pseudo-first order (Equation (A)), pseudo-second order (Equation (B)) and Elovich (Equation (C)) were investigated in order to describe the adsorption dynamics of lactic acid onto the GAC, RLX425 and AMB400 [28] . The differential and linear forms of the adsorption kinetic model equations are shown in Table 2 [32, 33] . Table 2 . List of differential and linear forms of adsorption kinetic model equations.
Kinetic Model Differential Form Linear Form Plot Equation
Pseudo-First Order
Notes: K 1 = pseudo-first order rate constant (min −1 ), q e = amount of adsorbate in the adsorbent at equilibrium (mg/g), t = time (min), q t = adsorption at any given point of time (mg/g), K 2 = pseudo-second order rate constant (mg/g/min), h 0 = initial adsorption rate (min −1 ), β = desorption constant (g/mg) and α = initial adsorption rate (mg/g/min).
Results
Effect of Contact Time, pH, Adsorbent Dose and Lactic Acid Concentration on Lactic Acid Adsorption
The contact time experiments showed that the adsorption reached its equilibrium between 2 and 6 h with lactic acid adsorbed onto GAC (29 mg lactic acid/g adsorbent), RLX425 (18 mg lactic acid/g adsorbent) and AMB400 (10 mg lactic acid/g adsorbent) from an initial concentration of 4.5 g lactic acid/L (Figure 1a ). From this batch experiment, a contact time of 4 h was selected for the subsequent experiments.
The experimental results confirmed that both GAC and RLX425 show selectivity at a pH (2.0) below pK a (3.86) value of the lactic acid and AMB400 at a pH (5.0) above the pK a value (Figure 1b) . The adsorption of lactic acid depends on the degree of ionization of lactic acid in the bulk solution, which was calculated from the relation between the pK a value and the pH of the solution. The degree of ionization was found to be 13.5%, 18.1%, 24.2% and 6.7% at pH 2.0, 2.35, 5.0 and 6.5, respectively. Figure 1c shows the lactic acid recovery efficiency with different adsorbent dose in the range of 5% to 30% (w/v). The increase in GAC dose from 5% to 30% (w/v) increased the lactic acid recovery efficiency from 79.0 (±0.5)% to 90.1 (±0.3)%. Similarly, for RLX425, the increase of adsorbent dose from 5% to 30% (w/v) increased the lactic acid recovery efficiency from 27.8 (±0.7)% to 62.9 (±3.9)%. Concerning AMB400, the increase of adsorbent doses from 5% to 30% (w/v) increased the lactic acid recovery efficiency from 41.7 (±1.4)% to 73.1 (±1.1)%. The experimental results with different adsorbent dose showed that 10-15% (w/v) adsorbent dose has a good lactic acid recovery (%), and thus, 10% (w/v) adsorbent dose was selected for all the batch adsorption experiments.
The binding capacity of lactic acid was studied by varying the initial lactic acid concentration in the range of 1.5 to 36.3 g/L as shown in Figure 1d . The lactic acid recovery efficiency decreased from 83.2 (±0.9)% to 38.2 (±0.2)% for GAC when the lactic acid concentration increased from 1.5 g/L to 36.3 g/L. However, the adsorption capacity (q e ) with GAC increased sharply from 12 mg lactic acid/g adsorbent (at 1.5 g/L lactic acid) to 162 mg lactic acid/g adsorbent (at 36.3 g/L lactic acid). Similarly, for RLX425, the lactic acid recovery efficiency decreased from 41.9 (±6.6)% (at 1.5 g/L lactic acid) to 19.1 (±0.5)% (at 36.3 g/L lactic acid) with a maximum q e value of 79 mg lactic acid/g adsorbent (at 36.3 g/L lactic acid). The recovery efficiency for AMB400 decreased from 58.8 (±2.6)% to 20.2 (±0.1)%, with an increase in the lactic acid concentration from 1.5 g/L to 36.3 g/L and the maximum q e value was found to be 73 mg lactic acid/g adsorbent at a lactic acid concentration of 36.3 g/L.
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The binding capacity of lactic acid was studied by varying the initial lactic acid concentration in the range of 1.5 to 36.3 g/L as shown in Figure 1d . The lactic acid recovery efficiency decreased from 83.2 (±0.9)% to 38.2 (±0.2)% for GAC when the lactic acid concentration increased from 1.5 g/L to 36.3 g/L. However, the adsorption capacity (qe) with GAC increased sharply from 12 mg lactic acid/g adsorbent (at 1.5 g/L lactic acid) to 162 mg lactic acid/g adsorbent (at 36.3 g/L lactic acid). Similarly, for RLX425, the lactic acid recovery efficiency decreased from 41.9 (±6.6)% (at 1.5 g/L lactic acid) to 19.1 (±0.5)% (at 36.3 g/L lactic acid) with a maximum qe value of 79 mg lactic acid/g adsorbent (at 36.3 g/L lactic acid). The recovery efficiency for AMB400 decreased from 58.8 (±2.6)% to 20.2 (±0.1)%, with an increase in the lactic acid concentration from 1.5 g/L to 36.3 g/L and the maximum qe value was found to be 73 mg lactic acid/g adsorbent at a lactic acid concentration of 36.3 g/L. 
Thermodynamic Analysis and Effect of Temperature on Lactic acid Adsorption
The effect of temperature (303.15 to 353.15 K) on lactic acid adsorption onto the adsorbents is shown in Figure 2a . The temperature was raised to 353.15 K to test the effectiveness of the absorbents to adsorb lactic acid from a model fermentation broth representing T. neapolitana fermentation, which operates at 353.15 K (or 80 °C). Both GAC and RLX425 exhibited a decrease in qe and recovery efficiency values for temperatures higher than 313.15 K. Increasing the temperature from 303.15 to 353.15 K decreased the adsorption capacity of GAC and RLX425 by ~13% and 50%, respectively. When the temperature exceeded 313.15 K, desorption of lactic acid was observed for both GAC and RLX425. In contrast, the qe (24 mg lactic acid/g adsorbent) and recovery efficiency (~51%) of AMB400 remained nearly constant throughout the tested temperature range (303.15-353.15 K), thus making the resin more suitable for in situ applications than GAC and RLX425.
The thermodynamic parameters for lactic acid adsorption were calculated from Figure 2b 
The effect of temperature (303.15 to 353.15 K) on lactic acid adsorption onto the adsorbents is shown in Figure 2a . The temperature was raised to 353.15 K to test the effectiveness of the absorbents to adsorb lactic acid from a model fermentation broth representing T. neapolitana fermentation, which operates at 353.15 K (or 80 • C). Both GAC and RLX425 exhibited a decrease in q e and recovery efficiency values for temperatures higher than 313.15 K. Increasing the temperature from 303.15 to 353.15 K decreased the adsorption capacity of GAC and RLX425 by~13% and 50%, respectively. When the temperature exceeded 313.15 K, desorption of lactic acid was observed for both GAC and RLX425. In contrast, the q e (24 mg lactic acid/g adsorbent) and recovery efficiency (~51%) of AMB400 remained nearly constant throughout the tested temperature range (303.15-353.15 K), thus making the resin more suitable for in situ applications than GAC and RLX425.
The thermodynamic parameters for lactic acid adsorption were calculated from Figure 2b by using the Van't Hoff equation. The thermodynamic model assumed (i) fluid density and viscosity are constant and (ii) isothermal operation during the adsorption of lactic acid. The corresponding ∆G 0 values are shown in Table 3 . The results clearly show that the adsorption process by both GAC and RLX425 is exothermic (i.e., ∆H 0 < 0) and adsorption by AMB400 is endothermic (i.e., ∆H 0 > 0). The ∆G 0 < 0 for all the tested adsorbents indicate that the adsorption process is favorable (GAC > AMB400 > RLX425) and spontaneous. values are shown in Table 3 . The results clearly show that the adsorption process by both GAC and RLX425 is exothermic (i.e., ΔH 0 < 0) and adsorption by AMB400 is endothermic (i.e., ΔH 0 > 0). The ΔG 0 < 0 for all the tested adsorbents indicate that the adsorption process is favorable (GAC > AMB400 > RLX425) and spontaneous. Figure 3 shows the linearized plots for three different adsorption isotherms (Langmuir, Freundlich and Temkin) of lactic acid adsorption at 303.15 K. Table 4 presents the isotherm parameters and regression coefficients for all the isotherm plots. Figure 3a shows the linear fit (1/qe versus 1/Ce) of the Langmuir isotherm model. The maximum monolayer adsorption capacity (qm) value was found to be the highest for GAC (126.6 mg lactic acid/g adsorbent), followed by RLX425 (108.7 mg lactic acid/g adsorbent) and AMB400 (63.5 mg lactic acid/g adsorbent). In addition, the separation factor (RL) values, calculated to be in the range of 0.05-0.6 for GAC, 0.2-0.9 for RLX425 and 0.2-0.8 for AMB400, indicate a favorable adsorption process. A good agreement (R 2 > 0.96) was observed between the experimental data and the Langmuir isotherm model. Figure 3b shows the plot between log qe versus log Ce for the Freundlich isotherm model. The adsorption intensity (n) was the highest for AMB400, followed by GAC and RLX425 (Table 4 ). The slope (1/n) in Figure 3b ranges between 0 and 1 and is a measure of surface heterogeneity, where the adsorption becomes more heterogeneous as the 1/n value approaches 0 [29] . Table 4 shows n > 1 for 353.15 −9.9 −1.9 −6.8 Figure 3 shows the linearized plots for three different adsorption isotherms (Langmuir, Freundlich and Temkin) of lactic acid adsorption at 303.15 K. Table 4 presents the isotherm parameters and regression coefficients for all the isotherm plots. Figure 3a shows the linear fit (1/q e versus 1/C e ) of the Langmuir isotherm model. The maximum monolayer adsorption capacity (q m ) value was found to be the highest for GAC (126.6 mg lactic acid/g adsorbent), followed by RLX425 (108.7 mg lactic acid/g adsorbent) and AMB400 (63.5 mg lactic acid/g adsorbent). In addition, the separation factor (R L ) values, calculated to be in the range of 0.05-0.6 for GAC, 0.2-0.9 for RLX425 and 0.2-0.8 for AMB400, indicate a favorable adsorption process. A good agreement (R 2 > 0.96) was observed between the experimental data and the Langmuir isotherm model. Figure 3b shows the plot between log q e versus log C e for the Freundlich isotherm model. The adsorption intensity (n) was the highest for AMB400, followed by GAC and RLX425 (Table 4 ). The slope (1/n) in Figure 3b ranges between 0 and 1 and is a measure of surface heterogeneity, where the adsorption becomes more heterogeneous as the 1/n value approaches 0 [29] . Table 4 shows n > 1 for all the adsorbents investigated, indicating a nonlinearity due to adsorption site heterogeneity. The Temkin isotherm model shows the adsorption potential of the adsorbent towards the adsorbate. The Temkin isotherm parameters such as A T and K T were calculated from the linear plots of q e versus ln C e as shown in Figure 3c . The Temkin isotherm model showed a reasonably good fitting between the experimental results of lactic acid adsorption and the model prediction for all the adsorbents investigated. all the adsorbents investigated, indicating a nonlinearity due to adsorption site heterogeneity. The Temkin isotherm model shows the adsorption potential of the adsorbent towards the adsorbate. The Temkin isotherm parameters such as AT and KT were calculated from the linear plots of qe versus ln Ce as shown in Figure 3c . The Temkin isotherm model showed a reasonably good fitting between the experimental results of lactic acid adsorption and the model prediction for all the adsorbents investigated. 
Lactic Acid Adsorption Isotherms
Lactic Acid Adsorption Kinetics
Among the adsorption kinetic models (i.e., pseudo-first order, pseudo-second order and Elovich) investigated, only the pseudo-second order kinetic model followed the experimental results. Figure 4 shows the pseudo-first order, pseudo-second order and Elovich kinetic model plots for lactic acid adsorption onto GAC, RLX425 and AMB400, respectively. The pseudo-first order and Elovich kinetic model showed poor fitting between the experimental and model predicted results (data not 
Among the adsorption kinetic models (i.e., pseudo-first order, pseudo-second order and Elovich) investigated, only the pseudo-second order kinetic model followed the experimental results. Figure 4 shows the pseudo-first order, pseudo-second order and Elovich kinetic model plots for lactic acid adsorption onto GAC, RLX425 and AMB400, respectively. The pseudo-first order and Elovich kinetic model showed poor fitting between the experimental and model predicted results (data not shown), and hence these models failed to explain the experimental results.
The straight-line plot (Figure 4b ) between t/q t versus t was used to calculate the pseudo-second order kinetic constants, namely q e and K 2 as shown in Table 5 . Figure 4b shows a good correlation (R 2~1 ) between the experimental data and the model predictions for the three adsorbents tested. The initial adsorption rate (h 0 ) was the highest for AMB400 (142.9 min −1 ), followed by GAC (31.5 min −1 ) and RLX425 (13.6 min −1 ). The q e value was the highest for GAC (38.2 mg lactic acid/g adsorbent), followed by AMB400 (31.2 mg lactic acid/g adsorbent) and RLX425 (17.2 mg lactic acid/g adsorbent).
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The straight-line plot (Figure 4b ) between t/qt versus t was used to calculate the pseudo-second order kinetic constants, namely qe and K2 as shown in Table 5 . Figure 4b shows a good correlation (R 2~1 ) between the experimental data and the model predictions for the three adsorbents tested. The initial adsorption rate (h0) was the highest for AMB400 (142.9 min −1 ), followed by GAC (31.5 min −1 ) and RLX425 (13.6 min −1 ). The qe value was the highest for GAC (38.2 mg lactic acid/g adsorbent), followed by AMB400 (31.2 mg lactic acid/g adsorbent) and RLX425 (17.2 mg lactic acid/g adsorbent). 
Discussion
Influence of Operating Parameters on the Adsorption of Lactic Acid onto GAC and Anionic Resins
Effect of pH and Adsorbent Dose on the Lactic Acid Adsorption Mechanisms
The study shows that GAC, RLX425 and AMB400 can be used to adsorb lactic acid from a model fermentation broth used for T. neapolitana fermentation when it contains low concentration of lactic acid (<5 g/L). The adsorption capacity for GAC (38.2 mg lactic acid/g adsorbent) was found to be the The study shows that GAC, RLX425 and AMB400 can be used to adsorb lactic acid from a model fermentation broth used for T. neapolitana fermentation when it contains low concentration of lactic acid (<5 g/L). The adsorption capacity for GAC (38.2 mg lactic acid/g adsorbent) was found to be the highest, followed by AMB400 (31.2 mg lactic acid/g adsorbent) and RLX425 (17.2 mg lactic acid/g adsorbent) with 10% (w/v) adsorbent dose and an initial lactic acid concentration of 4.5 g/L at 303.15 K. This study also showed that the lactic acid recovery efficiency is better for the GAC and the AMB400 resin compared to the efficiencies reported by previous studies (Table 6 ).
Both GAC and the weakly basic anion exchange resin (RLX425) were effective in adsorbing lactic acid at a pH below the pK a (3.86) of lactic acid, whereas the strongly basic anion exchange resin (AMB400) was effective at a pH above the pK a (3.86) value (Figure 1b) . The results show that GAC and RLX425 are effective at pH 2.0 and AMB400 is effective at pH 5.0 (Figure 1b) . The adsorption of lactic acid onto GAC is due to a physical adsorption process and depends on electronic polarizability, the decreased physical adsorption of lactic acid at high pH (e.g., 5.0) is due to decreased dipole-dipole interactions [22] .
Lactic acid is usually recovered from the fermentation broth via hydrophobic interactions with a neutral poly(styrene-co-DVB) resin at pH 2.0, as reported by Thang and Novalin [34] . In addition, Nielsen et al. [23] found that the adsorption of organic acids onto GAC or weakly basic anionic resins like Amberlite ® IRA-67 is dominated at a pH below the pK a value of the acids, which was also observed for the RLX425 resin in this study (Figure 1b) . RLX425 is a weakly-basic resin that has a pyridine functional group and the lone electron pair of the nitrogen atom allows it to form hydrogen bonds with the lactate ion [12] . Both GAC and the RLX425 resin are effective at a low pH (2.0), thus their use would require a post fermentation process with acidification of the medium below the standard pH value (4.5-6.5) that occurs during dark and capnophilic lactic fermentation [18, 25] . On the other hand, a strongly basic adsorbent like AMB400, which is effective at pH 5.0, is more recommended for in situ extraction of lactic acid from a fermenter [20] . The results from this study were further validated by the observations from previous studies, where GAC as well as the weakly basic resins were effective in adsorbing lactic acid at a pH 2.0 [16, 18, 22, 25] and strongly basic resins were effective at a pH 5.0 [20, 35] . AMB400 is a strongly basic resin that has a quaternary ammonium as functional group with a positive charge and can thus form ionic bonds with the lactate ion. The binding of lactic acid to AMB400 predominantly occurs as:
where L is the lactate ion and R rm is the resin matrix with a functional cationic group [36] . The Cl − form of the quaternary ammonium of the AMB400 resin has a weak basic property. This facilitates lactic acid adsorption through Lewis acid-base interactions with the partially positively-charged hydroxyl (OH − ) and acidic protons (H + ) of lactic acid [12, 13] . The low recovery efficiency (~50%) of lactic acid with the AMB400 resin is attributed to the positively charged quaternary ammonium functional group which cannot be approached by the partially negatively-charged oxygen of the acid due to the steric hindrance provided by the bulk alkyl groups on the nitrogen as well as due to competing counter ion species (i.e., Cl − and L − ) [13] . The lactic acid adsorption by the AMB400 resin occurs through an ion exchange mechanism [37] . The quaternary ammonium functional group can adsorb both molecular lactic acid and the lactate ion, however, further studies are required to demonstrate the competition between molecular lactic acid and the lactate ion. In addition, other organic components found in the real fermentation broth (e.g., acetic acid, alanine, glucose, tryptone, yeast extract etc.) are likely to impact the adsorption capacity and recovery efficiency due to composite uptake. The composite adsorption depends on the relative adsorption affinity, which is further linked to the polarity strength of the solute in the solution (e.g., acetic acid > ethanol > glycerol > glucose) [38] . Table 6 . Lactic acid recovery from the model fermentation broths using GAC, RLX425 and AMB400 in batch adsorption experiments (adsorbent dose 10% w/v). Notes: q e = amount of lactic acid adsorbed onto the adsorbent at equilibrium (mg/g) and E = lactic acid recovery efficiency (%).
Resin
In addition to pH, the adsorbent dose ( Figure 1c ) plays a major role in the absorption of lactic or organic acids. In this study, the increased adsorbent dose from 5% to 30% (w/v) has increased the lactic acid recovery efficiency by 10% for GAC and by 50% for both RLX425 and AMB400 resins (Figure 1c) . However, an adsorbent dose of 10% (w/v) was found to be suitable for all the adsorbents at 303.15 K with an initial lactic acid concentration of 4.5 g/L (Figure 1c) as also reported by other authors [18, 22, 25] . Yousuf et al. [18] studied the effect of adsorbent (Amberlite ® IRA-67 and activated carbon) dose (2-20%, w/v) on the lactic acid recovery efficiency and found that 10% (w/v) was the most appropriate adsorbent dose at 298.15 K with an initial lactic acid concentration ranging between 6.7 and 7.0 g/L. Gao et al. [25] also studied the effect of the adsorbent (Amberlite ® IRA-67) dose (5-17.5%) on the lactic acid recovery efficiency and reported that 10% (w/v) is the best performing adsorbent dose for initial lactic acid concentrations varying between 21.0 and 99.5 g/L, at 323.15 K. In contrast, Gao et al. [22] found that a 30% (w/v) activated carbon dose was suitable for lactic acid recovery from an initial lactic acid concentration of 50.0 g/L at 303.15 K when tested on adsorbent doses ranging between 10% and 50% (w/v).
Effect of Temperature on Lactic Acid Adsorption
The effect of temperature (303.15 to 353.15 K) shows an interesting trend for lactic acid adsorption from the model fermentation broth (Figure 2a) . Increasing the temperature from 303.15 to 353.15 K decreased the adsorption capacity of GAC and RLX425 by~13% and~50%, respectively. Among the adsorbents tested in this study, the AMB400 resin was the most efficient adsorbent for lactic acid recovery, because of its operational flexibility at varying temperature ranges. Gao et al. [25] reported that the lactic acid adsorption capacity decreased by~20% for the Amberlite ® IRA-67 resin when the temperature increased from 293.15 to 323.15 K with an initial lactic acid concentration of 42.5 g/L. In another study, the adsorption capacity of the lactic acid onto zeolite molecular sieves decreased from 10.5 mg/g to 3.6 mg/g when the temperature increased from 299.15 K to 339.15 K with an initial lactic acid concentration varying between 14.2 and 16.1 g/L [40] . The decrease in lactic acid adsorption at higher temperatures is mainly due to weak interactions between the active sites of the adsorbent and adsorbate molecules [41] . The extraction of acids by GAC and amine groups is shown to be exothermic and decreases with increase in temperature due to the following reasons: (i) decrease in the adsorption affinity towards adsorbate molecules; (ii) shifting the equilibrium towards the liquid phase; and (iii) promoting desorption as the reactions are exothermic in nature [42] .
Thermodynamics Analysis of Lactic Acid Adsorption
The negative values of ∆G 0 (−9.9 to −10.9 kJ/mol) and ∆H 0 (−16.7 kJ/mol) revealed that the lactic acid adsorption onto GAC was spontaneous and exothermic between 303.15 K and 353.15 K (Table 3) . Similarly, the negative values of ∆G 0 (−4.5 to −1.9 kJ/mol) and ∆H 0 (−19.9 kJ/mol) assures that the lactic acid adsorption onto the RLX425 resin was spontaneous and exothermic between 303.15 and 353.15 K (Table 3) . On the contrary, the negative values of ∆G 0 (−5.5 to −6.8 kJ/mol) and positive values for ∆H 0 (+2.0 kJ/mol) showed that the lactic acid adsorption onto the AMB400 resin was spontaneous, but endothermic between 303.15 K and 353.15 K due to ion exchange mechanisms (Table 3) . Gao et al. [25] calculated the thermodynamic parameters for the lactic acid adsorption onto a weakly basic anionic (Amberlite ® IRA-67) resin between 293.15 K and 323.15 K. In that study, the ∆H 0 value for lactic acid adsorption onto Amberlite ® IRA-67 was −32.8 kJ/mol and the adsorption process was exothermic between 298.15 K and 323.15 K. Aljundi et al. [40] reported that the ∆H 0 value for the lactic acid adsorption onto zeolite molecular sieves was +29 (±17) kJ/mol and the adsorption process was endothermic between 299.15 K and 339.15 K.
The negative values of ∆G 0 descending with the increase of temperature indicated a decrease in lactic acid adsorption from the bulk solution at elevated temperatures (>313.15 K) for both GAC and RLX425. On the other hand, the negative values of ∆G 0 ascending with temperature increase indicated a slight increase in lactic acid adsorption with the AMB400 resin ( Table 3 ). The study by Gao et al. [25] showed that the ∆G 0 (−8.8 to −6.7 kJ/mol) decreased with an increase in the temperature between 298.15 and 323.15 K for lactic acid adsorption onto the Amberlite ® IRA-67 resin.
The negative ∆S 0 value (−0.05 kJ/(mol K)) for the weakly-basic resin (RLX425) shows decreased randomness at the adsorbent-adsorbate interface during the adsorption of lactic acid onto the active sites of the resin, which was further validated by the negative ∆S 0 (−0.8 kJ/(mol K)) value found in a previous study on a weakly-basic resin (Amberlite ® IRA-67) [25] . In addition, the positive value of ∆S 0 (0.02 kJ/(mol K)) indicates the increased randomness at the adsorbent-adsorbate interface during the adsorption of lactic acid onto the active sites of the AMB400 resin. From the adsorption results at varying temperature, the increase in temperature decreased the recovery efficiency for both GAC and RLX425 (Figure 2a) , which was further validated by the ∆G 0 values in Table 3 as the reaction spontaneity was found to decrease with an increase in the temperature [26] .
Generally, the adsorption enthalpy for physical adsorption (or electrostatic interaction between adsorption sites and the adsorbate species) ranges between −20 and 40 kJ/mol [43] and for chemisorption between −80 and −400 kJ/mol, respectively [25, 44] . The ∆H 0 (−16.7 kJ/mol for GAC and −19.9 kJ/mol for RLX425) values obtained in this study were within the range of physical adsorption. Hence, the adsorption experiments with GAC and anionic resins indicated a physical adsorption process for lactic acid adsorption. In a related study, adsorption of acetic, propionic and butyric acid onto activated carbon and a weak base anionic resin (Puralite A133S) showed a physical adsorption (i.e., ∆H 0 between −20 and 40 kJ/mol) process based on the thermodynamic analysis and the favorability: butyric > acetic > propionic acid [45] . The amount of lactic acid adsorbed via ion exchange (AMB400) was slightly lower than that adsorbed by physical adsorption (GAC and RLX425) [37] .
Lactic Acid Adsorption Isotherms
Among the isotherms investigated, the Langmuir isotherm was found to be more suitable in explaining the adsorption mechanism compared to the Freundlich and Temkin isotherms. The Dubinin-Radushkevich isotherm and intraparticle diffusion kinetic model were investigated in this study for lactic acid adsorption, but none of these two models were able to explain the experimental results of lactic acid adsorption (data not shown). The understanding of the lactic acid adsorption mechanism can be improved by applying the Redlich-Peterson isotherm (a hybrid isotherm featuring both Langmuir and Freundlich) and a multilayer adsorbent-adsorbate interface Brunauer-Emmett-Teller (BET) isotherm model to fixed bed column experiments [29] .
In a similar study, adsorption of formic acid onto Amberlite ® IRA-67 followed the Langmuir isotherm under similar operating conditions [32] . In contrast, Gao et al. [25] showed that the lactic acid adsorption onto Amberlite ® IRA-67 was fitted by the Freundlich isotherm model. The plot (Figure 3a ) from the Langmuir isotherm shows that the lactic acid was adsorbed as a monolayer and homogeneously distributed over the surface of the adsorbent with restricted interaction between the adsorbate (i.e., lactic acid) molecules (Table 4 ). In addition, the Langmuir isotherm also suggests that adsorption of lactic acid onto the GAC, RLX425 and AMB400 is favorable (0 < R L < 1).
Prospectives of Lactic Acid Adsorption
The strongly basic resin AMB400 showed a higher lactic acid removal efficiency and capacity compared to GAC and RLX425 at a pH above the pK a value of the lactic acid (3.86) that is suitable for most of the fermentation processes to recover lactic acid. The thermodynamic analyses shows a stable lactic acid adsorption in the range of 303.15-353.15 K for AMB400 compared to GAC and RLX425. So, this enables AMB400 resin to recover lactic acid on a wide range of operating temperatures. In addition, the effects of competitive adsorption of the lactic acid need to be assessed in the presence of other constituents present in a fermentation broth, such as sugars, organic acids, salts and amino acids.
The current study shows that the strongly basic resin AMB400 is a better adsorbent than GAC and the weakly basic resin RLX425 for a model fermentation broth containing only lactic acid. However, the amount of the lactic acid adsorbed to the adsorbents cannot be used as a sole parameter to choose an appropriate adsorbent [18] . In addition, the adsorption capacity of the resins can decrease after various cycles of adsorption and desorption and thus long term performance of the resins is vital to select the most economical and feasible resin [18] . Desorption of lactic acid from the adsorbents is an important factor that needs to be examined as a downstream processing strategy, but was beyond the scope of this study. According to previous studies, the adsorbed lactic acid onto GAC and anionic resins can be desorbed by various chemicals, depending on the pH, temperature and functional groups present on the adsorbents as well as the nature of the desorbent, i.e., acetone, methanol, 1 M NaCl, NaOH (2-4%), NH 4 OH (2-4%), Na 2 CO 3 (4-8%) or 1 M H 2 SO 4 [13, 22, 25] .
In addition to desorption studies, it is important to scale-up the batch experiments with fixed-bed adsorption columns along with analysis of the lactic acid adsorption breakthrough curves in order to evaluate the most economical and feasible adsorbents for the lactic acid removal from the fermentation broths. The optical purity of the lactic acid can be achieved >99% by desorbing it with organic solvents (e.g., acetone and methanol) [22] . The optical purity of the lactic acid will slightly decrease when it is desorbed with HCl, NaOH and NaCl. In addition, the optical purity of the acid will be impacted by the presence of other constituents in the model or real fermentation broth. The contamination can be reduced by filtration or acid/base treatments. Accordingly, further investigations can optimize integrated or even in situ recovery of organic acids from a real fermentation broth used for T. neapolitana fermentation.
Conclusions
GAC as well as weak and strong base anion exchange resins were successfully applied for the separation of lactic acid from a model fermentation broth at a pH above and below the pK a (3.86) value of lactic acid. The temperature experiments showed that increasing the temperature from 303.15 to 353.15 K decreased the lactic acid recovery efficiency by 50% and 13% for RLX425 resin and GAC, respectively, whereas the recovery efficiency remained unchanged for the AMB400 resin. From the thermodynamic analysis, the lactic acid adsorption onto the adsorbents suggests a physical adsorption mechanism for both GAC and RLX 425 and ion exchange for the AMB400 resin. The equilibrium adsorption data for the lactic acid were adequately explained by the Langmuir isotherm model, indicating a monolayer adsorption process. Lactic acid recovery was found to be well represented by pseudo-second order kinetics. Among the different adsorbents tested, the strongly basic resin (AMB400) showed good lactic acid recovery from the model fermentation broth in terms of adsorption kinetics, adsorption capacity and thermodynamic feasibility.
